The steep decrease of the flux of ultra-high energy cosmic rays (UHECR) provides a challenge to answer the long standing question about their origin and nature. A significant increase in detector volume may be achieved by employing Earth's moon as a detector that is read out using existing Earth-bound radio telescopes by searching for the radio pulses emitted by the particle shower in the lunar rock. In this contribution we will report on the properties of a corresponding detection mode currently under development for the LOFAR Radio telescope.
Introduction
Among the major challenges in astroparticle physics are the low fluxes of the particles of interest which consequently require huge detectors at the highest energies. Already in the 1960s it had been proposed [1] to use the moon as a particle detector by searching for the ns radio pulses generated by a charge excess in the shower developing in the lunar rock. Several searches with earth-bound radio telescopes have been conducted since then (see reference [2] for a review) that have so far not been sensitive enough to detect the guaranteed flux of charged cosmic rays. These previous searches used telescopes operating at GHz frequencies, where the amplitude of the emitted pulse is at maximum. However, while the amplitude increases towards higher frequencies, the effective area increases towards lower frequencies as the Cherenkov cone becomes broader and thus also inclined events become detectable. Consequently, the optimum frequency band for corresponding observations is above approximately 100 MHz [3] . e-mail: tobias.winchen@rwth-aachen.de; This work is funded by ERC grant 640130 and DFG grant WI 4946/1-1
The LOw Frequency ARray (LOFAR) [4] is the currently largest radio telescope operating in this frequency range. LOFAR is composed of more than 50 stations located throughout Europe with 24 stations placed in a dense core in the Netherlands. Each of these core-stations contains 768 high band antennas (HBA) operating in the frequency range 110 MHz to 190 MHz organized in two fields of 24 tiles of 16 antennas each. The signals of the individual antennas of a station are filtered into sub-bands by a polyphase filter (PPF) combined into a beam of approximately 5 • width at 120 MHz before it can be accessed by users of the telescope with dedicated observation pipelines.
Design and Sensitivity of the Lunar Detection Pipeline
The lunar detection pipeline [5] [6] [7] requires combining individual stations into a grid of tighter beams covering the moon, inversion of the PPF and correction for ionospheric dispersion. We aim for a realtime processing of the available data to trigger the readout of the buffered raw signal for offline analysis. The data processing will be done on the DRAGNET cluster [8] which provides the required computing performance with GPUs. However, due to limitations of its connection to the LOFAR network only data of five out of the 24 stations can be processed.
To estimate the expected sensitivity of the pipeline we simulated data traces by adding the signal expected from pulses of varying strength originating from the direction of observation to air shower triggered noise data. The simulated pulses are dispersed assuming an exact slant total electron content (STEC) of 20 TECU (1 TECU = 10 16 m −2 ), respectively a normal distributed STEC value centered around 20 TECU with width of 1 TECU to account for imperfect reconstruction. All traces were processed by the observation pipeline with an dedispersion corresponding to 20 TECU. As trigger condition we require one sample above a threshold value in at least one out of 49 traces for analysis beams forming a grid covering the moon. The threshold value is chosen to yield a trigger rate of 1 / min from thermal noise only. In figure 1 the resulting trigger efficiency is shown as function of the pulse amplitude. We expect full efficiency to pulses with amplitude E ≈ 0.8 µV m −1 and approximately 20% efficiency at E ≈ 0.2 µV m −1 if the STEC is known to 1 TECU. Based on this trigger efficiency we calculated the sensitivity to cosmic particles shown in figure 2 following the procedure described in [2, 14] , which is based on semi-analytical estimates for the particle interaction in the lunar rock and the amplitude for the escaping pulse. We only replaced the estimate for the minimum detectable field strength with the result of our simulations. Compared to previous estimates [2] we use a reduced trigger threshold and increased band-width which increases the sensitivity, but only use the signal of 5 out of 24 stations. Nevertheless, the net expected sensitivity is increased and in particular for charged particles the expected sensitivity approaches the flux observed by other experiments. 
Conclusion
We have implemented a prototype for the online analysis chain for the lunar detection of ZeV particles with the LOFAR radio telescope including a full simulation of the telescope processing. This enables for the first time a sensitivity calculation for lunar observations to detect ZeV scale particles with LOFAR using a detector Monte Carlo. Compared to previous estimates based on semi-analytical calculations of the detector efficiency, the expected sensitivity increases, as also the regime below full efficiency can be considered. However, this estimate still relies on semi-analytical estimates for the interaction and pulse escape in the moon and is expected to improve in the future with detailed simulations.
